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Strain in the folding nucleus of chymotrypsin inhibitor 2
Andreas G Ladurner, Laura S Itzhaki and Alan R Fersht
Background: Chymotrypsin inhibitor 2 (CI2) is a member of the class of
fast-folding small proteins, which is very suitable for testing theories of folding.
CI2 folds around a diffuse extended nucleus consisting of the single α helix and
a set of hydrophobic residues. In particular, Ala16 has been predicted and
independently found to interact with Leu49 and Ile57, hydrophobic residues
that are highly conserved among homologues. We have characterised in detail
the interactions between these residues in the folding nucleus of the protein by
using double-mutant cycles.
Results: Surprisingly, we find that there is some destabilising strain in the
transition state for folding of the wild-type protein between Ala16 and Ile57.
Further, we find that the strain is larger in the native state of the protein. This is
shown directly in the unfolding kinetics, which clearly show a release of strain.
The net result of this is that the presence of both residues speeds up folding.
Ala16 and Leu49 interact favourably in the transition state, but have no net
interaction energy in the native state.
Conclusions: Part of the folding nucleus of the protein fits together more
snugly in the transition state than it does in the native state. Interactions
between some of the closely packed residues in the folding nucleus of CI2
may perhaps be optimised for the rate of folding and not for stability.
Introduction
The folding of the 64-residue protein chymotrypsin inhi-
bitor 2 (CI2; Figure 1) conforms to a two-state model both
at equilibrium and in its kinetics [1]. No intermediates
accumulate, and there is only a single rate-determining
transition state. CI2 is the first of a now large class of small
fast-folding proteins which has attracted much interest
from both experimentalists and theoreticians [2–15]. It has
a single helix extending from residue 12 to 25. A nuclea-
tion-condensation model has been invoked for the folding
pathway of CI2, in which the N-terminal region of the
helix forms the core of a folding nucleus, which is sta-
bilised in the transition state for folding by hydrophobic
interactions with residues distant in primary sequence
[16,17]. The helix is unstable in the absence of these
hydrophobic interactions in small peptide fragments of
CI2 [18] and is formed only in peptide fragments longer
than 60 residues [19,20], thus emphasising the importance
of long-range interactions in stabilising the protein.
The degree of formation of native interactions in the tran-
sition state for folding has been measured by Φ-value
analysis of mutated proteins ([21]; a Φ-value of 0 means
that an interaction is as unformed in the transition state as
in the denatured state, a value of 1 means that the interac-
tion is as well formed as in the native state). All Φ-values
for CI2 are fractional, apart from that of Ala16 (relative to
the mutant Gly16) in the N-terminal part of the α helix,
which is 1 [17]. The sidechain of Ala16 is buried in the
hydrophobic core and interacts with the sidechains of
three conserved core residues: Leu8, Leu49 and Ile57.
Shakhnovich and coworkers [12] independently predicted
the importance of Ala16 in the folding nucleus using a
computer algorithm based on sequence conservation and
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Figure 1
Structure of CI2 showing the residues forming the nucleus in the
transition state for folding of the protein. The coordinates were taken
from the X-ray crystal structure [40]. The picture was generated using
the programs Molscript [41] and Raster3D [42].
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lattice models of protein folding; Li and Daggett [22,23]
have simulated the unfolding transition state of CI2 using
molecular dynamics and find good agreement with the
experimental results; further, Wolynes and coworkers [24]
more recently found good agreement between the pre-
dicted transition state ensemble for CI2 and the one
derived from experiment.
Amino acid residues in homologous protein sequences are
often conserved for protein function, such as residues
important for enzymatic catalysis. It has been found that
more stable proteins can often be engineered by mutation
of these residues but with a loss of activity [25–30]. There
is thus an evolutionary compromise between optimal
activity and stability. Further, catalysis of chemical reac-
tions implies a selective stabilisation of the transition state
relative to the ground states of a reaction.
We have measured the interaction energies between resi-
dues Ala16, Leu49 and Ile57 using double-mutant cycles
[31]. Our kinetic measurements indicate that there is
destabilising strain in the native state of the protein
between Ala16 and Ile57. This strain is reduced in the
transition state for folding. Thus, key interactions between
residues involved in the formation of the folding nucleus
are not optimised for the stability of the ground state.
Rather, the site is designed for optimal interactions in the
transition state. Upon consolidation of the structure to the
native state, the interactions become strained.
Results
Double-mutant cycle analysis
The formation of sidechain interactions during protein
folding pathways can be mapped by using the protein engi-
neering approach [6,32,33]. A more sophisticated approach is
the use of double-mutant cycles, which allow one to probe
specific pairwise interactions [31,33,34]. A cycle involves
mutating singly and then pairwise each residue in a pair X
and Y that interact, and noting whether the effects of muta-
tion are additive or not. A coupling energy, ∆∆Gint, between
sidechains of these residues is calculated from equation 1:
∆∆GintD–N = ∆∆GD–NE–XY→E–Y + ∆∆GD–NE–XY→E–X – ∆∆GD–NE–XY→E  (1)
where ∆∆GintD–N is the coupling energy in the native struc-
ture N relative to its absence in the denatured state D,
∆∆GD–NE–XY→E–Y is the difference in the free energy of denat-
uration between the double mutant XY and single mutant
Y, ∆∆GD–NE–XY→E–X is the difference between the double
mutant XY and single mutant X, and ∆∆GD–NE–XY→E is the dif-
ference between the free energy of the double mutant XY
and the wild-type protein. If the effect of a double mutant
on the stability of the protein is equal to the sum of the
effects of the two single mutants, then the effects of the
two mutations are independent and the sidechains do not
interact, as is often found [35]. If, however, ∆∆GD–NE–XY→E ≠
∆∆GD–NE–XY→E–Y + ∆∆GD–NE–XY→E–X, then the two residues do
interact and the discrepancy is the coupling energy
between them. This can occur when the residues interact
with each other or the rate-limiting step of the reaction is
changed. The coupling energy may be the result of direct
or indirect interactions. ∆∆Gint‡–D, the interaction energy in
the transition state relative to the unfolded state, is calcu-
lated from the values of ∆∆G‡–D in a similar manner [33]. A
Φ-value for the pairwise interaction can be calculated from
the ratio of ∆∆Gint‡–D to ∆∆GintD–N.
Kinetic unfolding measurements show better interactions
between the mutated residues on going from the native
state to the transition state
The double mutants unfold considerably faster than the
wild-type protein (Table 1). Plots of ln ku versus GdmCl
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Table 1
Unfolding rates for wild-type CI2 and the hydrophobic core mutants.
ln ku ∆∆G
‡–N ln ku ∆∆G
‡–N ln ku ∆∆G
‡–N
2 M GdmCl 2 M GdmCl 3 M GdmCl 3 M GdmCl 4 M GdmCl 4 M GdmCl
Protein (kcal mol–1) (kcal mol–1) (kcal mol–1) (kcal mol–1) (kcal mol–1) (kcal mol–1)
Wild type –6.37 ± 0.28 – –5.22 ± 0.03 – –3.90 ± 0.02 –
A16G –7.17 ± 0.43 +0.48 ± 0.30 –5.71 ± 0.23 +0.29 ± 0.14 –4.30 ± 0.09 +0.23 ± 0.05
L49A –4.39 ± 0.09 –1.17 ± 0.17 –2.87 ± 0.04 –1.39 ± 0.03 –1.48 ± 0.01 –1.43 ± 0.01
I57A –0.65 ± 0.19 –3.38 ± 0.20 +0.79 ± 0.03 –3.56 ± 0.03 +2.02 ± 0.02 –3.50 ± 0.02
A16G/L49A –3.82 ± 0.02 –1.51 ± 0.16 –2.44 ± 0.01 –1.65 ± 0.02 –1.19 ± 0.01 –1.61 ± 0.01
A16G/I57A +0.14 ± 0.04 –3.85 ± 0.17 +1.51 ± 0.03 –3.98 ± 0.03 +2.73 ± 0.04 –3.93 ± 0.03
I57V –6.53 ± 0.13 +0.09 ± 0.18 –5.30 ± 0.10 +0.05 ± 0.06 –3.56 ± 0.05 –0.20 ± 0.03
Unfolding rate constants (ln ku) were determined in the following
ranges of denaturant: wild type, 5–7 M guanidinium chloride (GdmCl);
A16G, 4.5–7 M GdmCl; L49A, 3.5–7 M GdmCl; I57A, 3–5 M GdmCl;
A16G/L49A, 2.5–6.5 M GdmCl; A16G/I57A, 1.75–6 M GdmCl and
I57V, 5–7 M GdmCl. ∆∆Gs are determined by
∆∆G = RT (ln ku′ – ln ku), where ku′ and ku are the unfolding rate of 
the wild-type protein and mutant protein, respectively, at 2 M, 3 M and
4 M GdmCl. Wild type, A16G and I57V do not show any curvature on
unfolding within the range of GdmCl concentrations tested, so
extrapolation to 2 M, 3 M and 4 M GdmCl is reasonably accurate. The
other mutants show some curvature, so measurements at 4 M GdmCl
are the most accurate.
concentration are linear for the wild-type protein and most
mutants [17], but there is curvature in such plots for highly
destabilised mutants (M. Oliveberg, Y.J. Tan, M. Silow and
A.R.F., unpublished observations). Extrapolation of unfold-
ing data to 0 M [GdmCl] may lead to some error, so we
have calculated double-mutant cycles for 2 M, 3 M and 4 M
[GdmCl], over which range we can measure the unfolding
rate constants of the mutants directly (or with a very small
extrapolation) and extrapolate the data on wild-type CI2
from measurements in the range 5–7 M [GdmCl].
The calculated coupling energies between residues Ala16
and Leu49 or Ile57, respectively, are positive (Table 2),
indicating that the residues interact favourably in the
transition state relative to the ground state. On going
from the native state to the unfolding transition state,
there are coupling energies between Ala16 and Leu49 of
0.41 ± 0.06 kcal mol–1 and between Ala16 and Ile57 of
0.66 ± 0.06 kcal mol–1 (at 4 M GdmCl). This shows
directly an increase in interaction energy between these
residues as the protein unfolds from its native state.
Kinetic folding measurements show there is strain
between Ala16 and Ile57 in the transition state
The double mutants A16G/L49A and A16G/I57A fold
very slowly (Table 3). The transition state for folding of
the protein is destabilised by 2.91 ± 0.03 and 1.91 ± 0.01
kcal mol–1 in the two double mutants, respectively. A16G/
L49A is the most slowly folding mutant analysed so far in
the laboratory. Real-time NMR experiments on the
refolding of this protein show that the appearance of
native proton chemical shifts following a pH jump (see
Materials and methods section) correlates very well with
the fluorescence change of the Trp5 residue upon refold-
ing; moreover all peaks appear with identical rates
(A.G.L., T. Killick and A.R.F., unpublished observations).
∆∆Gint‡–D, the interaction energy between the mutated
residues in the transition state of folding relative to the
unfolded state, is calculated from the values of ∆∆G‡–D, as
described above [33]. Because these measurements are
measured directly in water and do not require any extrapo-
lation from denaturant, the protein folding rate constants
we measure are very precise. Remarkably, there is an
unfavourable interaction between Ala16 and Ile57 in the
transition state for folding (Table 4), with a coupling
energy of –0.38 ± 0.02 kcal mol–1. Ala16 and Leu49, on the
other hand, interact favourably in the transition state for
folding, with a coupling energy of 0.31 ± 0.05 kcal mol–1.
Equilibrium unfolding measurements show that there is
strain in the native state
The thermodynamic parameters for the folding of the
single mutants, A16G, L49A and I57A, have been
reported previously [16,17,36,37]. The double mutants
A16G/L49A and A16G/I57A are the most destabilised of
all the mutants studied so far, resulting in losses of stabil-
ity of 4.30 ± 0.13 and 5.66 ± 0.17 kcal mol–1, respectively
(Table 5).
The long extrapolation of equilibrium unfolding data to
0 M [GdmCl] leads to large errors. We therefore calcu-
lated the coupling energies at 3 M [GdmCl], where there
is only a slight extrapolation (Table 6). The residues show
unfavourable interactions in the native state. The coupling
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Table 2
Coupling energies between sidechains on unfolding.
∆∆G‡–Nint2 M ∆∆G‡–Nint3 M ∆∆G‡–Nint4 M
Interaction (kcal mol–1) (kcal mol–1) (kcal mol–1)
Ala16–Leu49 0.81 ± 0.38 0.54 ± 0.14 0.41 ± 0.06
Ala16–Ile57 0.94 ± 0.40 0.71 ± 0.14 0.66 ± 0.06
The coupling energies are for the interactions in the transition state
relative to the native state. ∆∆G‡–Nint2 M, ∆∆G‡–Nint3 M and ∆∆G‡–Nint4 M
were calculated from the unfolding rates in 2 M, 3 M and 4 M GdmCl,
respectively (Table 1). Positive coupling energies are favourable.
Table 3
Folding rate constants for wild-type CI2 and mutants.
kf * m‡–D ∆∆G‡–D H2O
Mutant (s–1) (M–1) (kcal mol–1) ΦFH2O †
Wild type 59 ± 1 –1.82 ± 0.12 0 0
A16G 8.3 ± 0.2 –2.23 ± 0.04 1.16 ± 0.01 1.07 ± 0.04
L49A 1.8 ± 0.1 –2.35 ± 0.12 2.06 ± 0.03 0.54 ± 0.02
I57A 32 ± 1 –2.10 ± 0.07 0.36 ± 0.02 0.08 ± 0.03
A16G/L49A 0.44 ± 0.02 –2.80 ± 0.11 2.91 ± 0.03 0.57 ± 0.02
A16G/I57A 2.37 ± 0.01 –3.22 ± 0.12 1.91 ± 0.01 0.31 ± 0.02
I57V 48 ± 1 –1.88 ± 0.02 0.12 ± 0.01 –‡
Kinetic measurements were performed at 25°C and pH 6.3, as
described in detail in [17]. *The rate of folding, kf, was measured by a
pH jump from acid (20 mM HCl) to a final pH of 6.3. †The Φ-value, ΦF,
is derived from the following equation: ΦFH2O = ∆∆G‡–D H2O / ∆∆GN–D
[Dl]50%, where ∆∆G‡–D = –RT ln(kf/kf′). ‡The Φ-values for I57V cannot be
calculated accurately, since the changes in free energy are too small.
energies between Ala16 and Leu49 are –0.8 ± 0.4 kcal mol–1
and between Ala16 and Ile57 are –2.0 ± 0.2 kcal mol–1.
We have also calculated the equilibrium values from the
rate constants, as there is two-state folding. The direct
equilibrium measurements for the coupling energy the
residues agree favourably with the ones derived from
kinetics (Table 6). The folding nucleus of CI2 would thus
appear to fit together more snugly in the transition state
than it does in the native state. The net result is that the
native protein folds faster than do any of the mutants in
which the sidechains have been deleted.
Φ-Values for Ala16®Gly in unstrained mutants
By calculating the energetics of making a second mutation
in the single-mutant proteins, we can determine the
energy cost of the mutations in the native state and transi-
tion state in the absence of strain. We use the mutant I57A
as the parent protein (see Table 2), because the strain has
been released in this mutant. The stabilisation energy of
Ala relative to Gly at position 16 in mutant I57A is
2.0 kcal mol–1, which is much greater than the value of
1.1 kcal mol–1 as determined from the single mutant A16G.
The Φ-value for the mutation A16G is calculated to be 0.79
in I57A. This value is somewhat lower than the Φ-value for
the mutation in the wild type (1.06). This overestimate of
the Φ-value for A16G in the single mutants was also
observed in the association of two complementary frag-
ments of CI2 [20]. The Φ-values for the association of frag-
ments (1–40) and (41–64) was 1.14 compared to 1.06 for the
uncleaved protein.
Discussion
Extensive double-mutant cycle analysis of the major
α helix [34], surface salt bridges [38,39], and the hydro-
phobic cores of barnase revealed no unfavourable interac-
tions in the native state or in the major transition state for
folding. The remarkable result in this paper is that the
opposite is observed in the hydrophobic core of CI2 for
those residues that form the folding nucleus. We find that
on folding there are destabilising interactions between
Ala16 and Ile57, while Ala16 and Leu49 interact favourably.
During protein unfolding, we can detect a release of strain
between Ala16 and Leu49 and Ala16 and Ile57. Our kinetic
measurements thus clearly indicate that Ala16 and Ile57
interact unfavourably in the native state of the protein.
There is, thus, non-optimal packing of sidechains in the
hydrophobic core of CI2 in the native state, consistent
with an earlier finding that the mutation I57V actually sta-
bilises the protein by 0.2 kcal mol–1 [36], when most other
deletion mutations destabilise the protein. Its folding rate
was marginally decreased relative to wild type, however
(Table 3). Hence, there appears to be tension between the
γ-methyl of the isoleucine sidechain and its neighbours, in
particular Ala16. The crystal structure of I57V was deter-
mined [36] in order to investigate this unusual result, and
a comparison of the structure with that of wild-type CI2
indicated that there is some repacking around the cavity
created by the mutation [36]. Also, double-mutant cycle
analysis of I29A/I57V shows that Ile57 and Ile29 interact
unfavourably in the native state. Valine is more commonly
found than isoleucine at the corresponding position in
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Table 4
Coupling energies between sidechains on folding.
∆∆G‡–Dint
Interaction (kcal mol–1)
Ala16–Leu49 +0.31 ± 0.05
Ala16–Ile57 –0.38 ± 0.02
The coupling energies are for the interactions in the transition state
relative to the denatured state. Calculated from the free energy change
on folding (∆∆G‡–D H2O) between wild-type, single-mutant and double-
mutant proteins (data from Table 3). Positive coupling energies are
favourable; negative coupling energies are unfavourable.
Table 5
Equilibrium unfolding parameters.
mD–N [D]50% ∆∆GD–N H2O * ∆∆GD–N 3M †
Mutant (kcal mol–1 M–1) (M) (kcal mol–1) (kcal mol–1)
Wild type 1.90 ± 0.03 4.00 ± 0.01 0 0
A16G 1.80 ± 0.07 3.44 ± 0.02 1.41 ± 0.28 1.11 ± 0.04
L49A 1.98 ± 0.12 2.02 ± 0.03 3.60 ± 0.28 3.84 ± 0.12
I57A 1.93 ± 0.21 1.79 ± 0.05 4.15 ± 0.41 4.24 ± 0.26
A16G/L49A 2.38 ± 0.03 1.39 ± 0.01 4.30 ± 0.13 5.73 ± 0.06
A16G/I57A 2.45 ± 0.15 0.79 ± 0.02 5.66 ± 0.17 7.33 ± 0.35
I57V 1.82 ± 0.12 4.10 ± 0.05 0.14 ± 0.51 –0.10 ± 0.14
Changes in the free energies of unfolding upon mutation determined
by reversible GdmCl denaturation experiments measured at 25°C in
50 mM MES, pH 6.3. *Variations in individual values of mD–N are large;
∆∆GD–N H2O = m′ [D]′50% – m [D]50%, where m′ and [D]′50% are the
parameters for the mutants and m and [D]50% for the wild-type protein.
†∆∆GD–N 3M is calculated at 3 M GdmCl concentration as above, but
[D]50% is replaced by ([D]50% – 3).
homologous proteins. This would suggest a preference for
a smaller aliphatic sidechain at position 57 in the packing
of the hydrophobic core of the protein.
Conclusions
Mutation of the highly conserved residues 16, 49 and 57 in
the folding nucleus of CI2 leads to the most dramatic
decreases in stability and folding rates found in over 100
mutants studied so far [17]. Our double-mutant analysis
reveals that there is strain in the conserved hydrophobic
core of native CI2, which is released upon unfolding. The
strain is reduced in the transition state for folding. Thus,
key interactions between residues involved in the forma-
tion of the folding nucleus are not optimised for the stabil-
ity of the ground state. The hydrophobic core of CI2
rather shows some ‘frustration’ between Ala16 and Ile57.
An independent computer simulation predicts that when
folding rates for protein-like sequences are optimised,
residues in the folding nucleus are highly conserved
(V.I. Abkevich, L.A. Mirny and E.I. Shakhnovich, per-
sonal communication). Our study suggests that optimal
packing in a hydrophobic core may be at the expense of
enzyme activity or rate of folding.
Materials and methods
Chemicals
The buffer used in the equilibrium and kinetic folding experiments was
2-(N-morpholino)-ethanesulfonic acid (MES) and was purchased from
Sigma (St. Louis, MO, USA). Guanidinium chloride was sequanal grade
from Pierce Chemicals (Rockford, IL, USA).
Preparation of mutants
Mutagenesis and expression were performed as described previously
[17]. Because of the instability of the mutant proteins A16G/L49A and
A16G/I57A, a modification of the published purification procedure [36]
was used. The pellet obtained by centrifugation after the sonication
step was resuspended in 7 M GdmCl. The solution was then dialysed
extensively against 5 mM acetate buffer, pH 4.5. Aggregates were
removed by centrifugation and the pH of the supernatant was adjusted
to 7.8 with 50 mM Tris buffer. The anion-exchange resin, ammonium-
sulphate precipitation and gel-filtration chromatography steps which
followed were performed as described [36]. The purified proteins were
homogenous as judged by SDS-PAGE and ESI-mass spectrometry.
Equilibrium denaturation and kinetic experiments
Equilibrium unfolding experiments were performed at 25°C with a Perkin
Elmer LS5B luminescence spectrometer, as described previously
[17,36]. Kinetic experiments were performed with an Applied Photo-
physics Stopped-Flow Spectrophotometer model SX 17MV. Analysis of
the equilibrium experiments was performed as described previously
[17,36]. Kinetic measurements were performed at 25°C and pH 6.3, as
described [17]. The rate of folding, kf, was measured by a pH jump from
acid (20 mM HCl) to a final pH of 6.3. The rate constant for unfolding in
water, kuH2O, was extrapolated from a series of GdmCl jump unfolding
experiments using ln ku[GdmCl] = ln kuH2O – m‡–N[GdmCl], where m‡–N is
a constant proportional to the surface area exposed on unfolding. The
m‡–N value for wild-type and mutant proteins are identical within error.
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